The importance of developing unique, neural circuitry-based treatments for the cognitive and neuropsychiatric symptoms of Alzheimer disease (AD) was the impetus for a phase I study of deep brain stimulation (DBS) in patients with AD that targeted the fornix.
A
LZHEIMER DISEASE (AD) IS one of the most common degenerative dementias, and more than 115 million new cases are projected worldwide in the next 40 years. 1 Impairments in multiple domains of cognition (including episodic memory, executive dysfunction, and visuospatial processing) are observed. 2 Neuropsychiatric symptoms (eg, depression, apathy, and agitation) occur in more than 98% of patients with AD. 3 Treatment development has targeted specific neurotransmitters that are affected in AD (eg, acetylcholine and glutamate) and has targeted components of the "amyloid cascade" hypothesis. 4, 5 Medications developed to treat psychiatric illnesses in younger patients are used to treat neuropsychiatric symptoms in AD. The lack of significant efficacy of these interventions for cognitive and neuropsychiatric symptoms and, in some cases, the serious adverse effects associated with them underscore the urgent need for the development of safe and effective treatments, as well as the development of interventions to slow disease progression.
The cognitive deficits and neuropsychiatric symptoms in AD that involve degeneration of neural circuits, and the recent evidence from therapeutic and imaging studies regarding the role of ␤-amyloid (A␤), 6, 7 highlight the importance of understanding changes in neural circuitry and developing treatments to modulate neuronal function in the affected neural circuits. Converging lines of evidence from the initial antiamyloid trials and A␤ imaging studies have shown that A␤ may be necessary but not sufficient to account for cognitive impairment and de-mentia progression. 6, 7 Dementia progression, despite brain clearance of A␤ by immunization, further underscores the importance of understanding and targeting treatments for the secondary consequences of A␤ deposition based on improving the function of specific neural circuits. 6 A␤ deposition is not strongly correlated with cognitive deficits, and, despite clinical disease progression, only modest increases in A␤ deposition are observed in AD. 7 In contrast to the A␤ imaging data, the functional activity of neural circuits, as measured by positron emission tomography (PET) studies of cerebral glucose metabolism, correlates with impairment in global cognition and specific cognitive domains, as well as neuropsychiatric symptoms, and shows progressive decreases over the course of AD. [7] [8] [9] The importance of developing circuitry-based therapeutic approaches to modulate cortical and hippocampal networks affected in AD was the impetus for a recent phase I study 10 of deep brain stimulation (DBS) of the fornix in patients with AD. This study 10 showed that continuous DBS of the fornix produced sustained increases in cortical glucose metabolism after 1 month and after 1 year. The increases in metabolism are in contrast to the metabolic decreases observed over the course of AD and are more extensive and persistent over time relative to the effects of pharmacotherapy. 8, 9, 11 The present report focuses on the significance of cerebral metabolic increases observed in this unique data set. Specifically, the following questions were addressed: Do functional connectivity analyses reveal specific cortical and hippocampal networks increased by DBS that are affected in AD? Are baseline metabolism and the increase in metabolism with treatment correlated with better clinical outcomes? The hypotheses were tested that (1) cerebral metabolism would be increased in parietofrontal and hippocampal/ parahippocampal-parietal networks after 1 year of DBS and (2) lesser metabolic deficits preoperatively and greater increases in metabolism in temporal and parietal regions would be correlated with better clinical outcomes.
METHODS
The methods for patient recruitment, inclusion and exclusion criteria, clinical and neuropsychological assessments, and neurosurgical and neuroimaging procedures have been described previously in Laxton et al.
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SAMPLE
Six patients were recruited through the University Health Network Memory Clinic at the Toronto Western Hospital in Ontario, Canada. All of the patients underwent serial PET scans. Five of the 6 patients were studied using the same PET scanner. This report will focus on these 5 patients. The patients (1 woman and 4 men, with a mean [SD] age of 62.6 [4.2] years) met diagnostic criteria for probable AD, 12 had a mean (SD) MiniMental State Examination 13 score of 22.2 (5.1), and were on a stable dose of cholinesterase inhibitors for a minimum of 6 months. Exclusion criteria were having another neurologic or psychiatric diagnosis and having significant medical comorbidity or a structural brain abnormality detected on a magnetic resonance imaging scan. This study was approved by the research ethics boards of the University Health Network and the Centre for Addiction and Mental Health, both in Toronto, Ontario, Canada. Written informed consent was obtained from the patient and a surrogate who was either a spouse or a child. The trial was registered with the US National Institutes of Health ClinicalTrials.gov (NCT00658125).
SURGICAL AND CLINICAL METHODS
A complete description of the surgical procedures has been given in Laxton et al. 10 The electrode target was chosen to lie 2 mm anterior and parallel to the vertical portion of the fornix within the hypothalamus, bilaterally. The ventral-most contact was 2 mm above the dorsal surface of the optic tract, approximately 5 mm from the midline. Two weeks after discharge from the hospital, the patients' stimulators were turned on. Stimulator settings and medications were kept constant for 12 months. Patients had neurological, neurosurgical, and neuropsychological assessments at baseline and at 1, 6, and 12 months after surgery. The outcome measures used in the present analysis are the Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-cog) score, 14 a global measure of cognitive function that includes tests of declarative memory, orientation, praxis, and receptive and expressive language, and the Quality of LifeAlzheimer's Disease scale (QOL-AD) score.
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PET IMAGE ACQUISITION AND ANALYSIS
Positron emission tomography scans with the radiotracer [ 18 F]-2-deoxy-2-fluoro-D-glucose to measure regional cerebral glucose metabolism were acquired preoperatively and after 1 month and 1 year of continuous DBS. The PET scans were performed on the CPS/Siemens high resolution research tomograph scanner. The glucose metabolism acquisition, quantification, and analysis methods have been described elsewhere. 10, 16 During the radiotracer uptake period, subjects were in a quiet, dimly lit room, with their eyes open and ears unoccluded. The preprocessing of the quantitative PET images, including PET-to-PET registration, normalization, and smoothing, was performed with statistical parametric mapping software version 5 (SPM5; Institute of Neurology, London, England).
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PET FUNCTIONAL CONNECTIVITY ANALYSIS
The partial least squares 18 method was used to examine DBS modulation of functional connectivity within cortical and hippocampal networks. The term partial least squares refers to the computation of an optimal squares fit to part of a covariance structure that is attributable to the experimental manipulations or that relates to a given outcome measure or to a given seed/brain region of interest. The partial least squares method extracts condition-relevant spatial patterns that most optimally, as in the least square sense, represent the relationship between 2 blocks of data; in this case, the 2 seed regions and whole-brain glucose metabolism before and after DBS.
The seed regions were chosen to represent a limbic region more proximal to the DBS target and a cortical region more distal. Regions that are affected early in the course of AD and also demonstrate a significant DBS effect were chosen. 10 Of the cortical regions, the precuneus was chosen because it is the region that shows the greatest metabolic deficits and A␤ deposition in the early course of AD. The parahippocampal gyrus is also affected in early AD and, in contrast, demonstrates relatively greater tau deposition than A␤ deposition. 19 The specific seed regions are the left precuneus (coordinates x, y, z, respectively, in millimeters in Montreal Neurological Institute standard brain: −10, −45, 51) and the left hippocampal/parahippocampal gyrus (Montreal Neurological Institute coordinates: −26, −20, −21).
Functional connectivity analysis was performed across subjects and within each condition, before DBS, after 1 month of DBS, and after 1 year of DBS. The resulting matrix represented a within-condition brain-seed correlation matrix. Singular value decomposition was then applied to this brain-seed correlation matrix (Figure 1) . Mathematically, singular value decomposition reexpresses a data matrix as a set of orthogonal singular vectors or latent variables (LVs), the number of which is equivalent to the total number of conditions multiplied by the total number of seeds. Each LV contains a pair of vectors relating metabolism to the 2 seeds before DBS, 1 month after DBS, and 1 year after DBS. For each LV, the 2 vectors are linked by a singular value, which represents the covariance between the 2 blocks of data and indicates the proportion of cross-block covariance that is accounted for by each LV. Thus, singular value decomposition produced 3 output matrices: the voxel saliences, the singular values, and the task saliences. In this case, the variations across task saliences indicate whether a given LV represents a similarity or difference in brain-seed correlations across the 3 conditions: before DBS, after 1 month of DBS, and after 1 year of DBS. The voxel saliences reflect the corresponding brain-seed correlation pattern across space (expressed across a collection of voxels).
Two complementary resampling techniques were used for statistical assessment of the changes in functional connectivity following DBS. First, permutation tests assessed whether the task saliences represented by the given LV were significantly different from random noise. This was accomplished by using sampling without replacement and by reassigning the order of the conditions to each subject. Second, the reliability of each voxel contribution to the LV was assessed using a bootstrap estimation of standard errors for the voxel saliences. The use of bootstrap estimation of standard errors eliminates the need to correct for multiple comparisons because the voxel saliences were calculated in a single mathematical step, on the whole brain at once. Statistical evaluation of brain-seed correlations was performed using an optimal number of 500 permutations 20 and 80 bootstrap iterations.
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PET CORRELATION ANALYSES
The flexible factorial option in SPM5 was used to correlate baseline as well as change in cerebral metabolism from baseline, prior to DBS, to 1 month after DBS and 1 year after DBS. The glucose metabolic rates were normalized by scaling to a common mean value in all scans, after establishing that the global means did not differ significantly between conditions (PϾ.05).
The baseline and change in metabolism after 1 month and 1 year of DBS were correlated with change in the following measures: ADAS-cog total and memory score and the QOL-AD score. The correlations were considered significant at a t value threshold greater than 3.51 (zϾ2.98; PϽ.003, uncorrected for multiple independent comparisons; cluster size greater than 50 voxels). Brain locations are reported as x, y, z coordinates in millimeters in Montreal Neurological Institute space with approximate Brodmann areas identified by mathematical transformation of SPM5 coordinates into Talairach space.
RESULTS
The clinical outcomes were as follows: the mean (SD) ADAS-cog total scores were 19.2 (7.2) at baseline, 21.6 (9.2) after 1 month of DBS, and 23.9 (13.7) after 1 year of DBS (higher scores indicate worse performance). Although the group of 5 patients showed a mean worsening in ADAScog score of approximately 2 points every 6 months, 1 patient, the least affected at baseline, showed a 4-point lower score (improvement) after 1 year of DBS. The mean (SD) QOL-AD scores were 36.2 (2.3) at baseline, 34.6 (4.7) after 1 month of DBS, and 35.4 (6.4) after 1 year of DBS. The functional connectivity analysis revealed a highly significant and reliable functional network after 1 year of DBS (LV = 42.89% cross-block covariance, P Ͻ .004; Figure 2A ). Two distinct functional networks correlated with the left precuneus and the left hippocampal/ parahippocampal seeds. For the 1-year DBS condition, compared with baseline, the brain regions that exhibited stable correlations with the left precuneus are listed in Table 1 , and those that correlated with the left hippocampal/parahippocampal gyrus are listed in Table 2 . For the baseline, prior to DBS, and 1-month DBS conditions, the correlation patterns were highly variable between subjects. The large confidence intervals around the mean correlation values were not statistically different from 0 in the baseline condition (compared with 1 in the 1-month DBS condition; data not shown).
In the functional connectivity analysis using the left precuneus as a seed, a frontal-temporal-parietal-striatalthalamic network was identified. Significant positive correlations were observed with the anterior cingulate gyrus (Brodmann areas 24 and 32), superior, left medial, and inferior frontal gyri, gyrus rectus, bilateral insula, right superior temporal gyrus (Brodmann area 22), right fusiform gyrus, left putamen, thalamus, and cerebellum (bilateral except where indicated). The network of brain regions that significantly correlated with the left precuneus seed is indicated in red in Figure 2B and exhibits positive bootstrap ratios, which indicate a positive Figure 1 . Singular value decomposition used in the partial least squares functional connectivity analysis. Singular value decomposition is applied to the brain-seed correlation matrix. Mathematically, singular value decomposition reexpresses the brain-seed correlation matrix as a set of orthogonal singular vectors or latent variables. Each latent variable contains a pair of vectors connected by a singular value, which indicates the proportion of the cross-block covariance (ie, covariance between 2 blocks of data: the seed region and the rest of the brain). The pair of vectors (the voxel and task saliences) reflects a symmetrical relationship between the components of the experimental design related to the differing seed-voxel correlations expressed across all voxels in the brain on the one hand and the optimal (in the least squares sense) spatial pattern of voxels related to the identified experimental design components on the other. expression of the given task contrast (ie, positive correlations after DBS; Figure 2A ). Note that the negative bootstrap ratios in Table 2 indicate positive correlations with the hippocampal/parahippocampal seed. This is because the sign of the bootstrap ratios must be interpreted along with the task contrast in Figure 2A (negative bootstrap ratio ϫ negative task contrast = positive).
In the left hippocampal/parahippocampal gyrus seed analysis, a frontal-temporal-parietal-occipital-hippocampal network was identified. Significant positive correlations were observed with the superior frontal gyrus, paracentral lobule, right superior temporal gyrus, supramarginal gyrus, superior and inferior parietal lobules, precuneus, left superior and middle occipital gyri, and the right cuneus (all bilateral except where indicated). The network of brain regions that significantly correlated with the left hippocampal/parahippocampal seed is indicated in blue in Figure 2B and exhibits negative bootstrap ratios, which indicate a negative expression of the given task contrast (ie, positive correlations after DBS; Figure 2A ).
The regional pattern of correlations between baseline and change in metabolism after 1 year of DBS with the ADAS-cog total score, the ADAS-cog memory score, and the QOL-AD score were similar. The results for the ADAS-cog total score will be presented. The correlations with the change in metabolism after 1 month of DBS were not significant.
A higher baseline (prior to DBS) metabolism in brain regions typically affected in AD was associated with improvement/less decline in global cognitive function (ADAS-cog total score; Table 3 ). The regions include anterior cortical regions (left anterior cingulate, bilateral superior and medial frontal gyri, and left insula), temporal cortical regions (bilateral superior and middle temporal gyri and left fusiform gyrus), parietal cortex (left precuneus, bilateral posterior cingulate, right supramarginal gyrus, and right inferior parietal lobule), and the bilateral cerebellum. Lower metabolism in regions typically spared in AD was associated with improvement/ less decline in global cognitive function (ADAS-cog total score; Table 3 ). The regions include the bilateral precentral gyrus, the right postcentral gyrus, the bilateral cuneus, the bilateral putamen, and the bilateral thalamus (ventral-lateral nucleus).
Similar regions that showed baseline correlations also showed correlations between the increases in metabolism after 1 year of DBS and the improvement/less decline in ADAS-cog total score ( Table 4) . A similar pattern of correlations was obtained with the ADAS-cog memory score and the QOL-AD score (data not shown). The regions of significant correlations include anterior cortical regions (bilateral anterior cingulate, bilateral superior and medial frontal gyri, right inferior frontal gyrus, and right insula), temporal cortical regions (bilateral superior and left middle temporal cortices), parietal cortex (bilateral precuneus, bilateral posterior cingulate, and right inferior parietal lobule), and bilateral cerebellum.
Similar regions that showed baseline correlations also showed correlations between decrease in metabolism 1 year after DBS and improvement/less decline in ADAScog score (Table 4 ). The regions include precentral gyrus, middle occipital gyrus, putamen, and thalamus (pulvinar: all bilateral).
COMMENT After 1 year of continuous DBS, the functional connectivity analysis demonstrated increased cerebral metabolism in cortical-subcortical and cortical-hippocampal networks. In similar cortical regions, both a higher baseline metabolism and an increase after 1 year of DBS were correlated with less decline or improvement in global cognition, memory, and quality of life after 1 year of DBS. In contrast, after 1 month of DBS, both the functional connectivity and correlation analyses did not detect significant networks or correlations with clinical outcomes. There is a remarkable degree of overlap between the regions implicated in the functional connectivity analyses and the regions that showed significant increases and were correlated with better clinical outcomes, using independent statistical image analysis methods.
The functional connectivity analysis revealed a left precuneus network that included extensive connections with the anterior cingulate and frontal cortical regions and limited correlations with temporal regions (left superior temporal gyrus and fusiform gyrus), consistent with the demonstrated neuroanatomic connections between these regions. [22] [23] [24] [25] These extensive cortical and subcortical connections suggest that the effects of DBS of the fornix may involve networks associated with memory and other aspects of cognition, such as executive function, affective processing, and motor programming.
In contrast, the functional connectivity analysis for the left hippocampal/parahippocampal gyrus network showed limited connections to the frontal cortex (superior frontal gyrus) and extensive connections to the parietal cortex and visual association cortex, also consistent with neuroanatomic connections. 26, 27 Reduced functional connectivity of the hippocampus with both anterior and posterior cortical regions, as well as longitudinal decreases in default mode subnetworks, have been reported in AD. 28, 29 In contrast, the present results show that 1 year of DBS is associated with improved functional connectivity, including posterior and ventral subdivisions of the default mode network. 30 The net- Abbreviations: ADAS-cog, Alzheimer's Disease Assessment Scale-cognitive subscale; BA, Brodmann area; MNI, Montreal Neurological Institute.
